UNCLASSIFIED 


tn  409  316 


DEFENSE  DOCUMENTATION  CENTER 

FOR 

SCIENTIFIC  AND  TECHNICAL  INFORMATION 

CAMERON  STATION.  ALEXANDRIA.  VIRGINIA 


UNCLASSIFIED 


NOTICE:  Wien  tovunut  or  other  drawings,  speci¬ 
fications  or  other  data  are  used  for  any  purpose 
other  than  In  connection  with  a  definitely  related 
government  procurement  operation,  the  U.  8. 
Government  thereby  Incurs  no  responsibility,  nor  any 
obligation  whatsoever)  and  the  fact  that  the  Govern¬ 
ment  nay  have  formulated,  furnished,  or  in  any  way 
supplied  the  said  drawings,  specifications,  or  other 
data  is  not  to  be  regarded  by  Implication  or  other¬ 
wise  as  In  any  manner  licensing  the  holder  or  any 
other  person  or  corporation,  or  conveying  any  rights 
or  permission  to  manufacture,  use  or  sell  any 
patented  invention  that  may  In  any  way  be  related 
thereto. 


&S-  v 


to 

f-Hirc*L-6j-ia)(B) 

CO 


409  316 

SEMICONDUCTOR  DEVICE  CONCEPTS 


General  Eleetrio  Company 
Advanced  Semiconductor  Laboratory 
Syraouse,  Nev  York 


Ur  ^ 

^  ^  Scientific  Report  No.  5B 

AF  19(628) -529 
Project  I4.608 
Task  I4.6O8OI4. 
February  28,  1965 


Prepared  for 


AIR  FORCE  CAMBRIDGE  RESEARCH  LABORATORIES 
OFFICE  OF  AEROSPACE  RESEARCH 
UNITED  STATES  AIR  FORCE 
BEDFORD,  MASSACHUSETTS 


V  r' 


Requests  for  additional  copies  by  Agencies  of  the  Depart¬ 
ment  of  Defense,  their  contractors,  and  other  Government  agen¬ 
cies  should  be  directed  to  the: 

DEFENSE  DOCUMENTATION  CENTER  (DDC) 

ARLINGTON  HALL  STATION 
ARLINGTON  12,  VIRGINIA 

Department  of  Defense  contractors  must  be  established 
for  ASTIA  services  or  have  their  "need-to-know*  certified  by 
the  cognizant  military  agency  of  their  project  or  contract. 

All  other  persons  and  organizations  should  apply  to  the: 

U.  S.  DEPARTMENT  OF  COMMERCE 
OFFICB  OF  TECHNICAL  SERVICES 
WASHINGTON  25,  D.  C. 


Table  of  Contents 


Abstract  . 

Introduction . . ... 

A.  Preparation  of  Ga(A«^_xPx)  Crystals  and  Laser 

p-n  Junctions  . 

B.  Electrical  and  Optical  Properties  of  Ga(As^-xP  ) 

Laser  Junctions  . 

References  . 

Figure  Captions  . 


ill 

1 

2 

5 

11 

12 


-ii- 


Abstract 


A  status  report  on  the  preparation  and  properties  of 
<k(Aai  P  )  p-n  junction  lasers  is  presented.  Halogen  vapor 
transport  synthesis  of  Ga(As^  Px)  and  its  preparation  into 
laser  junctions  are  described.  Electrical  and  optioal  proper¬ 
ties  of  Oa(^8i.xPx)  l**®!*  junctions  are  discussed.  The  present 
limitations  in  these  properties  are  related  to  material  prob¬ 
lems  and  the  very  early  state  of  development  of  Ga(As^-xP  ) , 
and  are  discussed  in  this  context. 


Introduction 

In  this  report  we  wish  to  describe  briefly  some  of  the  sa¬ 
lient  features  of  now  approximately  five  or  more  months  experi¬ 
ence  with  the  preparation  and  properties  of  Gaf^s^P  )  p-n 
Junction  lasers.  Because  much  data  so  far  available  are  incom¬ 
plete,  some  of  the  results  at  this  point  must  be  considered 
tentative  and  subject  to  revision  as  work  on  Ga(Asj-xP  )  pro- 
grasses. 

Although  the  electrical,  optical,  and  device  properties 
of  Ga(ASl.xPx)  junction  lasers  are  understandably  of  great  in¬ 
terest,  the  work  to  date  points  out  that  by  far  currently  the 
greatest  problems  and  those  deserving  first  attention  are  those 
involving  the  growth,  doping,  and  perfection  of  ^(As^  P  ) 
crystals.  Hence,  even  though  the  laser  junctions  prepared  in 
this  material  are  of  importance  in  their  own  right,  we  have 
considered  them  at  this  point  mainly  a  means  to  study  GafAs^^  ). 
It  can  be  concluded  that  the  laser  junctions  now  available  are 
very  much  limited  by  the  deficiencies  of  ^(^s^P^)  crystals 
and  can  not  be  fairly  compared  with  GaAs  p-n  junction  lasers 
until  Gt(ks^_x?^)  crystal  growth  has  been  more  extensively  de¬ 
veloped.  The  basis  for  these  statements  will  become  evident  in 
the  following  sections  which  describe  ^(^s^P^)  crystal  and 
junction  preparation  and  junction  properties. 
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A.  Preparation  of  Ga(As^  XPX)  Crystals  and  Laser  p-n  Junctions 

As  previously  mentioned1,  we  have  found  it  convenient  to 
employ  the  halogen  vapor  transport  process^  for  synthesizing 
Ge(Asi_xPx)  crystals  for  use  in  laser  junctions.  In  the  present 
work  commercially  available  GaAs  and  GaP  separately  prepared  by 
halogen  vapor  transport  are  sealed  in  a  quartz  vessel  with  a 
quantity  of  column  VI  donor  and  a  small  quantity  of  metal  halide 
which  supplies  the  halogen  for  transport.  The  sealed  ampoule  is 
heated  at  a  temperature  in  the  range  from  1000°C  to  1100°C  at 
the  position  of  the  source  GaAs  and  GaP.  The  GaAs  and  GaP  is 
simultaneously  vapor  transported  and  deposited  as  Ga(As^_xPx) 
at  one  end  of  the  ampoule  held  at  a  lower  temperature  (between 
900°C  and  1050°C). 

With  this  process  we  have  been  able  to  grow  some  large 
single  crystal  sections  and  a  number  of  polycrystalline  ingots 
of  large  crystallite  diameters,  which  have  been  further  processed 
into  laser  junctions  by  methods  more  or  less  similar  to  those 
employed  with  GaAs.  Of  the  crystals  so  prepared  a  small  quantity 
has  yielded  material  of  "laser  quality".  Ga(As^_xPx)  prepared 
from  commercially  available  GaP  thus  far  has  failed  to  yield 
laser  junctions,  perhaps  because  of  carbon  contamination.  In  a 
number  of  cases  "good  quality"  ^(As^P  )  which  has  provided 
strong  incoherent  junction  luminescent  light  sources  has  failed 
to  "lase"  because  of  insufficient  donor  doping  in  the  crystal. 

The  crystals  which  have  "lased"  have  been  doped  to  ~  10  donors/cm^ 
and  have  been  freer  of  strain  than  "non-lasing"  crystals^.  Also, 
the  crystals  that  "lase"  have  tended  to  be  freer  of  various  dark 
spots  which  are  evident  under  IR  examination^. 

The  fact  that  preparation  of  ^(As^Pj)  of  adequate  quality 
poses  the  greatest  obstacle  to  preparation  of  laser  junctions  is 
evident  from  a  cursory  examination  of  the  journal  literature. 

Lasers  in  GafAs-^  P  )  were  reported1  only  slightly  after  the  first 
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reported  GaAs  junction  lasers  of  Hall*  et  al  *  and  well  before 
most  subsequent  confirming  reports  of  laser  action  in  GaAs. 
nevertheless,  recent  reports  and,  in  fact,  the  journal  litera¬ 
ture  for  a  period  well  beyond  five  months  of  Hall,s,  et  al 
first  report  of  GaAs  junction  lasers  contain  hardly  any  mention 
of  Ga(As^_%Px) ,  almost  as  though  (contrary  to  fact)  GafAs^P^ 
will  not  "lase".  This  queer  circumstance,  in  spite  of  the  great 
interest,  flexibility,  and  importance  of  Ga(As^_xPx),  is  du® 
simply  to  the  lack  of  laser  quality  Ga(As1_xPx)  and  the  diffi¬ 
culty  in  its  synthesis  to  requisite  perfection,  purity,  and  doping. 

Following  synthesis  of  "suitable"  Ga(As1_xPx)  crystals  the 
procedures  we* have  used  for  fabrication  of  laser  junctions  follow 


closely  those  employed  with  GaAs.  Suitably  cut  wafers  are  pol¬ 
ished  and  are  zinc  diffused  in  sealed  ampoules  at  temperatures 
as  high  as  1000°C.  Long  strips  are  cut  out  of  the  wafers,  pol¬ 
ished  on  the  cut  sides  at  right  angles  to  the  junction  plane, 
and  are  separated  into  small  sections  to  which  electrical  connec¬ 
tions  can  be  easily  alloyed.  (Or,  when  desired,  p+  zinc-doped 
GafAs,  P  )  layers  have  been  epitaxially  grown  by  the  vapor 
transport  process  on  n-type  wafers  to  form  p-n  junctions.) 

From  the  crystals  grown  to  date  of  the  order  of  100  laser 
p-n  junctions  have  been  assembled.  It  is  interesting  to  note  that 
since  these  laser  junctions  have  operated  at  a  number  of  wave¬ 
lengths,  almost  all  different,  GaflSj^P  )  has  perhaps  already 
"lased"  at  as  many  different  wavelengths  as  all  other  solid  state 
lasers  combined.  This  could  be  expected^,  for  as  shown  by  Fig.  1, 
reproduced  from  Ehrenreich*s  work^  and  changed  to  correspond  to 
77°K,  Ga(As^_xPx)  ^8  expected  to  be  direct  over  a  composition 
range  from  0  %  to  50  %  phosphorus  (0£xS~0.5)  and  a  corres¬ 
ponding  wavelength  range  from-*81|D0i  to  ~'6000i  (or  less,  77°K). 

It  should  be  mentioned  that  our  experimental  data  and  points 
when  inserted  upon  Fig.  1  tend  to  fall  below  the  theoretical  curve 
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and  indicate  an  energy  gap  leas  than  predicted.  This  may  imply 
that  heavy  donor  or  acceptor  doping  in  our  junctions  smears  the 
band  edges  and  narrows  the  energy  gap.  This  would  imply  further 
that  it  may  be  difficult  or  impossible  to  achieve  laser  wave* 
lengths  near  60001  in  Ga(As^_xPx)  •  Also,  if  this  interpretation 
is  correct,  it  may  be  equally  difficult  or  impossible  to  estab¬ 
lish  that  discrete  donor  or  acceptor  levels  are  involved  in  the 
light  producing  recombination  process.  In  fact,  in  contradiction 
to  several  schools  of  thought  believing  donor  or  acceptor  levels 
are  involved  in  the  recombination  luminescence  process  in  GaAs, 
we  see  no  evidence  in  Ga(As^_xPx)  to  favor  this  belief  at  this 
time. 


B.  Eleotrical  and  Optical  Properties  of  Ga(As-^  )  Laser 

Junctions 

In  an  earlier  report®  we  described  the  high  quality  I-V 
characteristics  and  sharp  avalanches  which  can  be  obtained  in 
Ga(Asi_xPx)  p-n  junctions.  Recent  investigations  have  shown  that 
in  several  respects  the  avalanche  properties  of  Ga(As-,  _P, )  may 
excel  silicon.  On  units  of  comparable  area  lower  noise  and 
lower  dynamic  impedance  have  been  observed  in  Ga(As^_xP  ). 

Aside  from  various  inhomogeneities  in  Ga(As^_xPx),  currently 
one  of  the  more  serious  problems  is  that  associated  with  contam¬ 
inating  impurities  and  resultant  deep  levels.  The  effects  of 
deep  levels  on  Ga(As-,  P  )  p-n  junctions  are  generally  evident 
at  low  temperatures.  Where  such  levels  abound,  just  as  in  GaAs 
the  forward  I-V  characteristic  becomes  higher  impedance  at  lower 
temperatures,  and  may  even  exhibit  negative  resistance  behavior. 
These  are  familiar  double-injection  effects®  and  are  a  direct 
consequence  of  deep  levels.  Unfortunately  these  effects  compete 
with  the  high-efficiency,  direct  recombination  process  by  allow¬ 
ing  carrier  recombination  to  occur  in  "steps"  via  deep  levels. 

In  the  many  instances  that  we  have  observed  these  effects,  as 
expected,  we  have  not  been  able  to  obtain  stimulated  emission. 

So  far,  we  have  not  identified  specific  impurities  which  contri¬ 
bute  deep  levels  but  regard  O2  as  a  likely  suspect  since  it  is  a 
major  constituent  of  our  synthesis  vessel  and  since  a  number  of 
the  elements  present  in  the  synthesis  process  may  react  with  the 
quartz  synthesis  vessel.  At  any  rate,  the  observation  of  deep 
level  effects  in  Ga(As^_xP  )  junctions  underscores  the  need  to 
continue  improving  synthesis  and  growth  techniques  and  crystal 
quality. 

An  interesting  and  important  question  concerning  laser 
junctions  is  that  of  the  mechanism  of  light  generation  and  the 
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related  question  of  where  in  the  junction  region  the  recombination 
process  (and  radiation)  occur.  To  study  this  problem  we  have 
examined  ~,10  laser  junctions  which  have  been  cross -sectioned  and 
polished  normal  to  the  junction  plane.  With  a  mild  etch  slight 
"moats"  were  cut  into  the  polished  sections  in  order  to  reveal 
the  junction  transition  regions.  In  order  to  remove  errors  of 
focusing  inherent  in  dispersion  effects  at  different  wavelengths, 
we  examined  the  junction  cross-sections  at  high  power  under  inci¬ 
dent  red  light  and  with  the  sectioned  but  operative  junctions 
supplying  recombination  radiation  (red). 

In  each  case  in  which  the  experiment  was  carefully  performed 
the  source  of  recombination  radiation  (red)  and  junction  "moat" 
coincided,  with  no  indication  that  either  n-side  or  p-side  of  the 
junction  transition  supplied  more  light.  Assuming  that  the  etched 
moat  truly  coincides  with  the  junction  transition  region,  which 
is  a  reasonable  first  order  assumption,  we  conclude  (until  better 
evidence  is  obtained)  that  the  recombination  process  (and  radia¬ 
tion)  occurs  right  in  the  junction  transition  region.  These  re¬ 
sults  and  the  fact  that  these  junctions  are  heavily  doped  on  n- 
and  p-type  sides  suggest  that  these  devices  are  much  like  p-i-n 
structures  of  exceedingly  narrow  extent  between  n-  and  p-side 
(very  narrow  "i"-region,  but  not  "tunneling"  narrow  or  a  true 
"step"  transition).  This  conclusion  is  consistent  with  the  ear¬ 
lier  observation  of  the  "snap-off"  behavior  of  stored  charge  in 
Ga(Asi-xPx)  laser  junctions^,  again  indicative  of  the  fact  that 
the  injected  positive  and  negative  charge  is  in  the  form  of  a 
thin  sheet  probably  residing  right  in  the  transition  or  thin  "i" 
region. 

It  should  be  noted  that  the  discussion  above  does  not  neces¬ 
sarily  imply  that  discrete  acceptor  or  donor  levels  are  not  in¬ 
volved  in  the  recombination  process.  However,  the  evidence  that 
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the  recombination  radiation  originates  in  the  junction  transition 
region  (rather  than  on  either  side)  plus  the  likelihood  that  the 
high  acceptor  and  donor  concentrations  smear  both  band  edges 
through  the  transition  region  make  uncertain  the  view  that  dis¬ 
crete  levels  play  a  primary  role  in  the  recombination  process. 

o 

In  an  earlier  publication'  we  showed  that  at  the  current 
threshold  for  laser  action  junctions  first  exhibit 

laser  action  in  discrete  regions  through  the  junction  plane  from 
one  polished  face  to  the  other.  As  the  driving  current  is  in¬ 
creased  these  lasing  regions  increase  in  size  or  other  separate 
regions  begin  to  exhibit  laser  action,  and  not  necessarily  at  the 
same  or  mode-related  wavelength  of  the  first  region.  From  cross- 
sections  of  laser  junctions  we  have  found  that  some  junctions  do 
not  lase  uniformly  throughout  the  junction  plane  because  of  pro¬ 
nounced  localized  dips  or  spikes  in  the  junction  plane.  In  fact, 
usually  in  G*l (As-.  P  )  junctions  polished  on  all  four  sides,  i.e. 
polished  on  the  four  sides  bounding  and  at  right  angles  to  the 
junction  plane,  laser  action  will  generally  occur  anomalously 
along  the  short  dimension  of  the  junction  plane  rather  than  along 
the  long  dimension  because  of  localized  dips,  spikes,  and  assorted 
flaws  in  the  junction.  Laser  action  occurs  in  the  short  dimen¬ 
sion  because  light  traveling  from  polished  face  to  polished  face 
in  the  junction  plane  is  not  as  apt  \-o  find  an  interruption  in 
geometry  as  in  the  long  dimension.  These  observations  further 
point  up  the  need  for  an  intensive  effort  to  improve  the  quality 
of  Ga(As^_xP  )  crystals. 

The  usual  optical  transmission  procedures  for  examining  the 
band  gap  of  Ga ( As-,  P  )  prepared  by  halogen  vapor  transport  gen- 
erally  show  that  the  composition  of  the  material  is  close  to  that 
predicted  on  the  basis  of  the  known  initial  quantities  of  GaAs 
and  GaP  used  in  the  synthesis  process.  Laser  junctions,  on  the 
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contrary,  show  that  even  though  Ge(As^_xP^)  a  well- 

defined  band  structure  and  a  good  microscopic  composition,  sig¬ 
nificant  macroscopic  fluctuation  can  occur  in  AstP  ratio  in  the 
material.  Ibis  is  evident  from  the  laser  junction  spectra  shown 
in  Fig.  2.  The  sharp  transition  from  incoherent  operation  at 
20A  to  laser  operation  at  22A  is  shown  by  curves  a)  and  b),  both 
taken  with  spectrometer  and  amplifier  settings  constant.  Curve  b) 
shows  laser  action  at  wavelengths  separated  by  almost  liOi  and  an 
independently  measured  spatial  separation  of  2x10  cm  between 
the  two  laser  beams •  The  diode  operates  almost  as  though  it  were 
two  different  laser  junctions,  each  with  the  same  length  cavity 
(Fabry-Perot  structure)  but  with  differing  G*(Asj_xPx)  composi¬ 
tion  and  band  gap.  In  laser  junctions  in  which  the  AstP  ratio 
is  spatially  more  homogeneous  across  the  junction  plane  the 
spectral  output  is  confined  to  a  much  smaller  band  than  the  diode 
of  Fig.  2.  Also,  where  a  number  of  spectral  peaks  are  observed 
they  occur  as  well-defined  modes  with  uniform  spacing.  In  one 
such  case  we  have  counted  50  uniformly  spaced  modes  in  a  spectral 
band  50&  wide . 

An  indication  of  the  efficacy  of  laser  action  in  GafAs^P^ 
p-n  junctions  is  supplied  by  Fig.  5»  which  shows  the  spectral 
output  of  junction  95-1  with  current  excitation  [a)  12A]  just 
below  threshold  and  [b)  15A]  just  above  threshold  (spectrometer, 
photomultiplier  voltage,  and  amplifier  settings  all  constant). 
Above  threshold  the  spectral  output  narrows  sharply,  and  for  less 
than  a  10  %  change  in  current  drive  (excitation)  the  peak 
spectral  output  increases  by  more  than  lOx.  Laser  junctions  of 
this  type  with  less  than  l  mW  average  input  power  produce  enough 
coherent  light  (half  the  output  coherent  light)  so  that  the 
diverging  beam  can  be  condensed,  and  focused  and  be  easily  ob¬ 
served  on  screens  at  distances  beyond  60  feet.  For  the  diodes  we 
have  examined  the  coherent  light  output  falls  in  a  cone  of  esti- 
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V 


mated  half -angle  ~5°*  The  aoherent  light  output  oan  be  dis¬ 
played  easily  on  a  screen  or  ground  glass  plate  in  a  red-colored 


version  of  the  familiar  diffraction  pattern  first  described  by 
Hall,  et  al  . 
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Figure  Captions 


Fig.  1  Energy  gap  as  a  function  of  composition  for  Ga(As^_xPx) 
at  77°K  (after  Ehrenreich,  J.  Appl.  Phys.  £2,  2155» 

1961). 

Fig.  2  Spectral  output  of  Ga(As^_xPx)  diode  95-k  at  77°K. 

a)  Below  threshold  (20A) ,  b)  above  threshold  (22A) .  At 
22A  output  consists  of  two  ooherent  light  sources  sepa¬ 
rated  spatially  by  ~2xl0’^  cm  and  differing  in  wave¬ 
length  by  ~  k0%. 

Fig.  5  Spectral  output  of  Ga(As^_xPx)  diode  95-1  at  77°K 
when  operated  just  below  threshold  a)  and  just  above 
threshold  b).  Scale  same  for  a)  and  b). 
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